Gas exchange across the air-water interface is a key process determining the release 3 of greenhouse gases from surface waters, and a fundamental component of gas dynamics 4 1 This document is the accepted manuscript version of the following article: Weber, U. W., Cook, P. G., Brennwald, M. S., Kipfer, R., & Stieglitz, T. C. (2019). A novel approach to quantify air-water gas exchange in shallow surface waters using highresolution time series of dissolved atmospheric gases. Environmental Science and Technology, 53(3), 1463-1470. https://doi.org/10. 1021/acs.est.8b05318 in aquatic systems. In order to experimentally quantify the gas transfer velocity in a 5 wide range of aquatic settings, a novel method is presented based on recently developed 6 techniques for the in situ, near-continuous measurement of dissolved (noble) gases with 7 a eld-portable mass spectrometer. 8 Variations in observed dissolved gas concentrations are damped and lagged with 9 respect to equilibrium concentrations, being the result of (a) temperature (and thus 10 solubility) variations, (b) water depth and (c) the specic gas transfer velocity (k i ).
Introduction 20
Gas exchange across the air-water interface is a key process coupling atmospheric and aquatic 21 gas cycles. Accurate knowledge of gas exchange rates is required to determine mass balances 22 of dissolved gases in aquatic systems, which can in turn be used to estimate uxes between 23 groundwater reservoirs and surface water.
13 Surface water bodies can be sources or sinks for 24 gases: 4,5 whereas release of methane and carbon dioxide from water bodies is an important 25 source of greenhouse gases to the atmosphere, the reverse ux of oxygen and nitrogen from 26 atmosphere to water is an important factor in water quality and ecosystem functioning. 
53
The objective of this study is to combine the approach to calculate gas exchange rates 15 54 with those novel measurement techniques. Further, we aim to establish the environmental 55 conditions for which gas transfer velocities can be derived using the diurnal gas dynamics 56 (DGD). We rst calculate the sensitivity and resolution of the presented method in a theo- 
with F i being the gas ux, C w,i the concentration in the water, and C eq,i the concentration 64 in air saturated water, and k i is the gas transfer velocity, which reects the rate of exchange.
65
This basic relation, even though not accounting for bubble-mediated gas uxes, is used to 66 determine uxes at regional-to-global scales.
67
If the water is well mixed, the ux can also be written as
with h being the water depth of the exchanging water mass (`mixed layer'). Equating 1 and 69 2 yields
The equilibrium gas concentrations depend on the temperature (T w ) and the salinity (S)
71
of the water and the partial pressure of each gas, and are determined by Henry's law,
The Henry's coecient (H i ) is specic to each gas species. 2123 p i is the partial pressure of 73 species i in the atmosphere and is given by p i = (p atm − e s (T w ))v i , with p atm the local total 74 atmospheric pressure, e s (T w ) the water vapor pressure, and v i the volume fraction of gas i 75 in dry air.
76
Diurnal variation in C eq,i for the dierent gases is largely a function of the temperature 77 dependence of their solubilities.
20 The magnitude of the diurnal variation in C eq,i for the 78 noble gases will therefore be greatest for Xe and Kr, less for Ar and least for He and Ne.
79
The temperature dependence of the solubility of N 2 is similar to that of Ar.
80
To convert the transfer velocity derived from one gas species to another commonly the 81 respective Schmidt numbers are used. The Schmidt number is dened as the ratio of kine-82 matic viscosity of water, divided by the diusion coecient of the gas in water. The transfer 83 velocities (k 1,2 ) of gas 1 and 2 are linked to each other via their Schmidt numbers (Sc 1,2 ) in 84 a power law dependence with the Schmidt number exponent (n):
where n theoretically ranges from 1/2 < n < 2/3. 24 However, n decreases rapidly to 1/2 86 with the onset of waves 24 (free surface condition). The ratio of (Sc 1 /Sc 2 ) is approximately 87 constant with temperature. 16 The analytical sequence was a continuously repeating cycle consisting of one 118 air-standard analysis block, followed by three water sample analysis blocks, followed by one 119 ambient air sample analysis block to assess the analytical performance.
16 Each of these 120 analysis blocks were 8 min long.
121
The partial pressures observed in the headspaces of the membrane modules were con-122 verted to dissolved gas concentrations using the gas-specic Henry's law coecients at the 123 temperature of the water in the membrane modules. The partial pressures obtained from the 
148
The small depth of the lagoon ensures the water heats up quickly in response to solar irra-149 diation and loses heat quickly at night, which leads to large diurnal temperature variations.
150
The lagoon is regularly exposed to strong north-westerly winds, which cause waves of a max- 
187
For very low k/h, C w,i approaches a constant value. The water concentrations will be 188 approximately equal to the equilibrium concentration at the daily mean water temperature.
189
The lower limit of resolution of k/h is shown in Fig. 1 for Ar and for the ve dierent values 190 of diurnal water temperature variation. In this case, the experimental setup is not sensitive 191 to changes in k/h as the amplitude, A Ar (yellow, right y-axis), due to temperature becomes 192 less than the analytical precision (red line in Fig. 1 ; for Ar) of the gas measurements .
The limit is higher for lower diurnal temperature dierences as the concentration gradients are smaller. For a water temperature amplitude of 10 • C the lower limit is approximately 195 0.07 d −1 for Ar, 0.05 d −1 for N 2 and 0.1 d −1 for Kr. The smaller the temperature amplitude 196 of the daily forcing the higher the minimum of k/h that can be reliably determined.
197
For high k/h, the gas concentrations in surface water rapidly approaches C eq,i , such 198 that the dierence between C w,i and C eq,i gets small. Any further increase in k/h will not 199 produce detectable changes between the expected and the equilibrium concentration, leaving 200 the method insensitive for large k/h. 
210
The ability to resolve dierences in gas transfer velocity therefore depends on the mag-211 nitude of diurnal water temperature variation, on the water depth, on the temperature 212 dependence of the solubility in water and on the measurement precision. The latter two 213 factors are specic to each gas species.
214
In summary, the range of gas transfer velocities that can be determined by the DGD 215 method falls well in the range of gas transfer velocities that are typically encountered in shown for dierent water temperature amplitudes. High k/h results in a small dierence between the expected and equilibrium concentrations, hence, small D Ar . Where D Ar is less than the experimental precision (that for Ar is indicated by the red horizontal line), C eq,i and C w,i cannot be reliably dierentiated, determining the upper limit on the k/h range. At low k/h the expected diurnal concentration amplitude, A Ar , is less than the experimental precision. This, therefore, denes the lower limit for k/h determination. The range for ∆T = 10 • C (grey area and black circles) is approximately 0.07 − 4 d −1 for Ar with an experimental uncertainty of 2.5 %.
Controlled Experiment 218
The results of the equilibrium, the observed and the modeled gas concentrations for N 2 , Ar 12:00 00:00 12:00 00:00 12:00 00:00 12:00 00:00 12:00 of the transfer velocity for N 2 with the DGD method is split into two periods. The rst 2.5 days (green) result in a transfer velocity of k * N 2 = 1.6 ± 0.2 m/d, while the second 2.5 days (orange) result in k * N 2 = 7.1 ± 0.6 m/d. Those phases are characterized by very dierent wind regimes with u 10 = 2.9 m/s for the rst and u 10 = 10.2 m/s for the second phase. performance of (GE)-MIMS systems might increase the number of gases that can be used to analyze air/water partitioning and, thus, greatly expand the determinable range (and the 298 accuracy) of k/h values.
299
Our experiments show that N 2 and Ar are most sensitive to gas transfer velocities under 300 eld conditions given the available technology. N 2 yields the widest k/h range as it has the 301 best signal-to-noise ratio. However, N 2 is potentially non-conservative due to biogeochemical 302 processes, such as denitrication.
303
The DGD method works best for large daily temperature changes in the water; preferably 304 a water temperature variation of 10 • C prevails to get reliable results and to cover a relevant 305 range of gas transfer velocities. Such high variations are more likely to be found in shallow 306 waters with depths less than a few meters, furthermore, deeper water is unlikely to be 307 vertically well mixed as assumed in our model. Additionally, local conditions can inuence 308 the diurnal temperature cycles, including solar radiation, water residence time and heat 309 absorption. These impact the applicability of this method. In rivers, for example, where the 310 method is applicable in principle, 15 this temperature requirement is currently the limiting 311 factor and could be rare to nd. Again, improvements in gas measurements expand the 312 locations that can be covered.
313
The DGD method can be used to quantify temporal variations in transfer velocities, 314 which can then be linked to environmental drivers of air-water exchange, such as wind or 315 river-ow-driven turbulence. For instance, measuring k i over a few days with varying wind 316 speeds could be used to derive relationships between transfer velocity and wind speed in 317 shallow environments. It may also be possible to determine the inuence of parameters 318 (e.g. precipitation) on near surface turbulence that are less frequently incorporated into the 319 estimation of the gas transfer velocity.
320
The mass spectrometer used in this study can cycle through multiple inlets on a time 321 scales of minutes, which allows automated analysis at several locations simultaneously. This 322 allows coverage of dierent geographic conditions at sites, that may be more complex than the open ocean. Hence, site-specic parametrizations can be derived on several orders of areal extents.
325
As the DGD method does not rely on the application of any articial tracer, there is 326 no contamination of the environment. With additionally determined quantities e.g. tidal 327 inuences, groundwater intrusion or deep water mixing a more complete description of a 328 study site is possible.
329
Alternative approaches for measuring air-water gas exchange are more labor intensive and 330 have limited temporal resolution. The DGD method presented here, thus has the potential 331 to greatly improve on the ability to measure air-water exchange in shallow waters.
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